The regeneration of hyaline articular cartilage by cell-mediated gene therapy using transforming growth factor ␤ 1 (TGF-␤ 1 )-producing fibroblasts (NIH 3T3-TGF-␤ 1 ) has been reported previously. In this study, we investigated whether TGF-␤ 1 -producing fibroblasts irradiated with a lethal dose of ␥ radiation are still capable of inducing the regeneration of hyaline articular cartilage. NIH 3T3-TGF-␤ 1 fibroblasts were exposed to doses of 20, 40, or 80 Gy, using a ␥ irradiator, and then injected into artificially made partial defects on the femoral condyle of rabbit knee joints. The rabbits were killed 3 or 6 weeks postinjection and hyaline articular cartilage regeneration was evaluated by histological and immunohistochemical staining (n ‫؍‬ 5 per each group). Irradiated NIH 3T3-TGF-␤ 1 fibroblasts started to die rapidly 3 days after irradiation; moreover, the kinetics of their viability were similar regardless of the radiation intensity. TGF-␤ 1 expression, measured by ELISA, showed that the TGF-␤ 1 protein produced from the irradiated cells peaked 5 days after irradiation and thereafter declined rapidly. Complete filling of the defect with reparative tissue occurred in all the groups, although variations were observed in terms of the nature of the repair tissue. Histological and immunohistochemical staining of the repair tissue showed that the tissue newly formed by irradiated NIH 3T3-TGF-␤ 1 fibroblasts after exposure to 20 Gy had hyaline cartilage-like characteristics, as was observed in the nonirradiated controls. On the other hand, the repair tissue formed by NIH 3T3-TGF-␤ 1 fibroblasts irradiated with 40 or 80 Gy showed more fibrous cartilage-like tissue. These results suggest that TGF-␤ 1 -producing fibroblasts irradiated up to a certain level of lethal dose (i.e., 20 Gy) are able to induce normal-appearing articular cartilage in vivo. Therefore, irradiated heterologous cell-mediated TGF-␤ 1 gene therapy may be clinically useful and an efficient method of regenerating hyaline articular cartilage.
INTRODUCTION H
YALINE ARTICULAR CARTILAGE is a unique tissue, a complex mixture of chondrocytes and extracellular matrix proteins. Chondrocytes play an essential role in maintaining normal joint function by synthesizing and degrading cartilage extracellular matrix. Hyaline articular cartilage is a unique tissue that contains neither a blood supply nor lymphatic drainage. The limited regenerative capacity of hyaline articular cartilage prevents the healing of traumatic injuries 1 and other types of defects. Moreover, untreated cartilage defects could eventually develop into osteoarthritis. Osteoarthritis is the most frequently encountered orthopedic disease associated with cartilage damage, and the degeneration of hyaline articular cartilage is the main pathogenesis of osteoarthritis. 2 Most joints in the body are susceptible to cartilage damage. As the average human life span increases, the need to repair regenerative cartilage is also rapidly growing. However, no satisfactory treatment is available as yet. 3 Novel strategies have been developed to repair or stimulate the regeneration of articular cartilage. These include the transplantation of osteochondral grafts, periosteum, cultured autologous chondrocytes, mesenchymal stem cells, and mixtures of biodegradable polymer and cytokine proteins. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Despite some promising results, these methods have yielded regenerated cartilage tissue varying from fibrous to hyaline-like. Transplantation cells and tissues can be autologous or heterologous, and each procedure has advantages and disadvantages. 3 Transplantation of autologous chondrocytes presents no problems of host immune rejection, but it takes at least 2 to 3 weeks to grow and expand chondrocytes from a biopsy specimen of cartilage and requires two open surgeries. On the other hand, transplantation of heterologous chondrocytes, whether allogeneic or xenogeneic, into the joint may induce a host immune reaction even though articular cartilage is avascular; however, the technique requires neither a biopsy specimen to grow chondrocytes ex vivo nor open surgery.
We previously reported that the injection of mouse fibroblasts containing the transforming growth factor ␤ 1 (TGF-␤ 1 ) transgene into a partial hyaline articular cartilage defect produced hyaline-like cartilage within 6 weeks of transplantation in rabbits. 15 Histological staining results showed that regenerated tissue was well integrated with the adjacent normal cartilage at the sides of the defect and that the newly formed tissue was indeed hyaline articular cartilage. Although the previous approach was xenogeneic, that is, the transplantation of mouse fibroblasts to a rabbit knee joint, no significant immune reactions were observed, probably because of the avascular nature of the cartilage and the immunosuppressive activity of TGF-␤ 1 protein produced from the injected cells. For clinical application, major concerns with allogeneic or xenogeneic cell transplantations include the immunogenicity and tumorigenicity induced by the transplanted cells.
In this study, mouse fibroblasts containing TGF-␤ 1 were irradiated to minimize the possibility of immunogenicity and injected into a partial cartilage defect on the femoral condyle of a rabbit to find out whether these irradiated cells can still stimulate the regeneration of hyaline articular cartilage. Here we report that some irradiated NIH 3T3-TGF-␤ 1 fibroblasts (e.g., irradiated up to 20 Gy), are able to repair a partial hyaline cartilage defect in 6 weeks, much like nonirradiated NIH 3T3-TGF-␤ 1 fibroblasts. SONG ET AL.
MATERIALS AND METHODS

Cell culture and radiation
Generation of NIH 3T3-TGF-␤ 1 cells was described previously. 13 Irradiated NIH 3T3-TGF-␤ 1 cells and nonirradiated control NIH 3T3-TGF-␤ 1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and G418 (200 ng/mL). Cultured cells were treated with trypsin and 3 ϫ 10 4 cells per milliliter in a sterile Eppendorf tube were irradiated with a dose of 20, 40, or 80 Gy, using a ␥ irradiator (IBL437; CIS biointernational, Saclay, France).
Animals and intraarticular injection
New Zealand White rabbits weighing 2.0-2.5 kg were selected for the animal study. Animals were mature and had a tidemark line. The knee joint was exposed and a partial cartilage defect (3 ϫ 6 mm, 1-2 mm deep) was made on the hyaline cartilage layer of the femoral condyle with a surgical knife. 
MTT assay
Nonirradiated control cells or irradiated NIH 3T3-TGF-␤ 1 cells (1-2 ϫ 10 4 ) were plated in a 6-well plate. After 1, 3, 5, 7, 9, 11, 13, and 15 days, 200 L of MTT solution (5 mg/mL in phosphate-buffered saline [PBS], sterilized by filtration) was added to the cells growing in 2 mL of medium and then incubated for an additional 4 h at 37°C. The reaction was stopped after the incubation by adding 0.1 mL of 10% sodium dodecylsulfate (SDS) in 0.01 M HCl and incubation was continued overnight at 37°C. Absorbance at 595 nm was measured with a DU-650 spectrophotometer (Beckman Coulter, Fullerton, CA).
ELISA
Nonirradiated control cells or irradiated NIH 3T3-TGF-␤ 1 cells (1-2 ϫ 10 4 ) were plated in a 6-well plate. After 1, 3, 5, 7, and 9 days, 200 L of supernatant from each well was added to an enzyme-linked immunosorbent assay (ELISA) plate coated with TGF-␤ soluble receptor type II; subsequent steps were performed in accordance with the manufacturer's instructions (Quantikine kit; R&D Systems, Minneapolis, MN).
Histology and immunohistological staining
After harvesting the knee joints, specimens were fixed in formalin and decalcified in nitric acid. Blocks of the specimens were embedded in paraffin and cut into 0.5-to 0.8-nm-thick slices. Sections were stained with hematoxylin-eosin, safranin-O, toluidine blue, and Masson's trichrome for microscopic examination of the repair tissue. Sections, prepared as described above, were deparaffinized and hydrated by sequential incubations in xylene and ethanol. After washing in 1ϫ PBS for 2 min, the sections were blocked with 3% H 2 O 2 for 10 min. The primary antibody against TGF-␤ 1 , type II collagen (SouthernBiotech, Birmingham, AL), or mouse proliferating cell nuclear antigen (PCNA) (Serotec, Raleigh, NC) was applied to the sections and incubated for 1 h. The control sections were incubated in 1ϫ PBS without the primary antibody at this stage. Sections were washed and blocked with 5% milk in 1ϫ PBS for 20 min before incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. The chromogen reaction was performed with 0.05% diaminobenzidine (DAB) in 1ϫ PBS for 5 min, and sections were subsequently stained with hematoxylin and mounted.
RESULTS
Effect of irradiation on viability and TGF-␤ 1 productivity of NIH 3T3-TGF-␤ 1 fibroblasts in vitro
TGF-␤ 1 -expressing fibroblasts, called NIH 3T3-TGF-␤ 1 cells, were generated by transduction with a retroviral vector carrying the TGF-␤ 1 gene, as described previously. 13 To observe the effect of irradiation on the REGENERATION OF HYALINE ARTICULAR CARTILAGE viability of NIH 3T3-TGF-␤ 1 fibroblasts, cells were irradiated with 20, 40, or 80 Gy of ␥ irradiation, and grown in a standard medium. Their viabilities were measured by MTT assays performed 1, 3, 5, 7, 9, 11, 13, and 15 days postirradiation. Results of the MTT assays showed that the irradiated NIH 3T3-TGF-␤ 1 fibroblasts started to die rapidly 3 days after irradiation and that more than half the cells were dead after 9 days (Fig. 1A) . All cells had died 2 to 3 weeks after irradiation. This demonstrated that all the doses used here were lethal to the NIH 3T3-TGF-␤ 1 fibroblasts, and that the overall cell death kinetics of the various doses were similar. However, it was noticed that cells irradiated with 20 Gy showed a slower rate of cell death from 5 days after irradiation than did cells exposed to 40 or 80 Gy. To determine how long irradiated cells produced TGF-␤ 1 protein after irradiation, we measured the amount of TGF-␤ 1 protein present by the ELISA method 1, 3, 5, 7, and 9 days postirradiation. Results of the ELISA indicated that the irradiated cells produced TGF-␤ 1 proteins up to 5 days after irradiation, and that TGF-␤ 1 protein secretion and radiation doses were inversely related (Fig. 1B) . Compared with the level of TGF-␤ 1 proteins produced by nonirradiated NIH 3T3-TGF-␤ 1 fibroblasts, TGF-␤ 1 proteins produced by the cells irradiated with 20, 40, or 80 Gy was about 50, 25, or 10% of that of the nonirradiated cells, respectively.
Repair of hyaline articular cartilage defect with irradiated NIH 3T3-TGF-␤ 1 fibroblasts
To investigate whether TGF-␤ 1 -producing fibroblasts irradiated with a lethal dose of ␥ radiation are still able to
the femoral condyle of a rabbit knee joint as previously described. 13 The cartilage defects were filled with reparative tissues 6 weeks after injecting irradiated fibroblasts containing the TGF-␤ 1 transgene, regardless of ␥ irradiation intensity (Fig. 2) . However, it was noticed that the quality of the repair tissue and the relative per-SONG ET AL.
centage of hyaline cartilage repair varied significantly and that these depended on the intensity of the radiation (Fig. 2) . For example, the nature of reparative tissue formed with NIH 3T3-TGF-␤ 1 cells irradiated with 20 Gy was similar to that formed with nonirradiated cells (Fig. 2B and D) . On the other hand, reparative tissue formed when using NIH 3T3-TGF-␤ 1 cells irradiated with 40 or 80 Gy showed a mixture of fibrous cartilagelike tissue (Fig. 2F and H) . In addition, the tidemark lines in reparative tissues formed with cells exposed to 40 or 80 Gy were not as clear as those in reparative tissues formed with nonirradiated cells or cells irradiated with 20 Gy. The relative percentage of cartilage repair, measured as the ratio of repair tissue height to that of adjacent normal cartilage 6 weeks after transplantation, also decreased as the intensity of the radiation increased (Fig.  3) . The average percentage of cartilage repair with cells irradiated with 0, 20, 40, and 80 Gy was 98, 96, 84, and 80%, respectively (Fig. 3) . These statistical data also indicated that the relative percentage of cartilage repair by NIH 3T3-TGF-␤ 1 cells irradiated with 20 Gy was similar to that with nonirradiated cells.
Histological staining of repair cartilage tissue
To measure the integrity and characteristics of the reparative tissue further, sections of repair tissue were stained with safranin-O and toluidine blue. Histological staining of reparative tissue formed with irradiated NIH 3T3-TGF-␤ 1 cells was compared with that of tissue formed by nonirradiated control cells. Compared with the staining of control sections (Fig. 4A and B) , the intensity of both safranin-O and toluidine blue staining of reparative tissues formed with irradiated cells was reduced, and this was reduced further as the strength of the ␥ irradiation was increased ( Fig. 4C-H) . These results suggest that NIH 3T3-TGF-␤ 1 cells exposed to higher doses of ␥ radiation form less hyaline cartilage-like tissue during repair.
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Immunohistochemical staining of repair cartilage tissue
To show that reparative tissue was generated by injected irradiated NIH 3T3-TGF-␤ 1 cells and that is possessed hyaline articular cartilage characteristics, immunohistochemical staining was performed on sections of reparative tissue formed by NIH 3T3-TGF-␤ 1 cells irradiated with 20 Gy 3 weeks after transplantation. Immunohistochemical staining of sections of reparative tissue, using TGF-␤ 1 and PCNA antibodies, showed that TGF-␤ 1 protein expression occurred only in reparative tissue and that PCNA-positive cells were markedly increased in the same tissue ( Fig. 5A and B) . Type II collagen immunohistochemical staining proved that the reparative tissue had characteristics of hyaline articular cartilage (Fig. 5C ). Mouse MHC class I staining indicated that some of the injected mouse fibroblasts cells remained in the regenerated cartilage tissue, although the staining is rather weak (Fig. 5E ). In contrast, rabbit and goat secondary antibody controls showed no immunohistochemical staining in the same reparative tissues (Fig.  5D and F, respectively) . These immunohistochemical staining results, along with the other histological staining data shown in Figs. 2 and 4 , suggest that the generation of reparative tissue is stimulated by TGF-␤ 1 expression from the injected cells irradiated with 20 Gy, and that the newly formed tissue has the characteristics of hyaline articular cartilage. 
DISCUSSION
This study demonstrates that irradiated NIH 3T3 fibroblasts containing the TGF-␤ 1 transgene can be used to stimulate the repair of hyaline articular cartilage in a partial cartilage defect model. The integrity of the structure of newly formed repair tissue, using NIH 3T3-TGF-␤ 1 cells irradiated with 20 Gy, was similar to that of normal cartilage tissue, whereas structures formed by cells irradiated with 40 or 80 Gy showed a mixture of fibrous connective tissue and fibrous cartilage-like tissue. These results suggest that fibroblasts containing TGF-␤ 1 and irradiated with doses of up to at least 20 Gy are still able SONG ET AL.
to produce sufficient TGF-␤ 1 protein to stimulate the remaining chondrocytes and/or chondrocyte precursors residing in the wound base, inducing them to secrete extracellular matrix proteins in vivo. TGF-␤ 1 expression measured in vitro by ELISA after ␥ irradiation showed that the production of active TGF-␤ 1 protein increased up to 5 days after irradiation and declined thereafter (Fig.  1B) , indicating that transgene expression was not totally blocked for the first several days after irradiation.
The results of histological staining with safranin-O and toluidine blue demonstrated that the nature of the newly generated repair tissues depends on the intensity of ␥ irradiation. As shown in Fig. 4 , the intensity of safranin- The results of immunohistochemical staining suggest that TGF-␤ 1 , type II collagen, and PCNA proteins were present in reparative tissue 3 weeks after injection of the fibroblasts irradiated with 20 Gy (Fig. 5A-C) . These results suggest that the injected irradiated cells produce TGF-␤ 1 protein in vivo after transplantation and that they also synthesize hyaline cartilage-specific extracellular matrix proteins in the newly formed repair tissue. However, it should be noted that the amount of these proteins detected by immunohistochemical staining seems to be lower than that associated with nonirradiated cells, described previously. 13 Our previous study suggested that cell-mediated gene therapy might be a novel way of treating orthopedic diseases in which hyaline articular cartilage damage has oc-REGENERATION OF HYALINE ARTICULAR CARTILAGE curred. Transplantation of autologous chondrocytes expanded in vitro is widely accepted as a clinical approach. [16] [17] [18] However, the disadvantages of this mode of transplantation, such as the need for open surgery and its high cost, limit its widespread clinical application. It would be clinically useful if allogeneic cells could be used readily without subsequent immunogenicity or tumorigenicity of the transplanted allogeneic cells. The results of the present study suggest that such irradiated heterologous cells could possibly be transplanted to regenerate hyaline articular cartilage in vivo, because the irradiation of such cells before transplantation reduces the immunogenicity and tumorigenicity of the injected heterologous cells.
We hope that the results of this study advance the feasibility of cell-mediated gene therapy using allogeneic or xenogeneic heterologous cells. A cell-mediated TGF-␤ 1 cytokine gene therapy approach might be more beneficial for cartilage regeneration, because cartilage tissue is avascular and TGF-␤ 1 has immunosuppressive activity. Therefore, irradiated allogeneic cell-mediated TGF-␤ 1 gene therapy may be clinically useful and an efficient method for treating orthopedic diseases involving hyaline articular damage. , ϫ40) . Expression of PCNA, TGF-␤ 1 , and mouse MHC class I proteins was detected in regenerated cartilage (RC). Expression of type II collagen proteins was detected in both regenerated cartilage (RC) and normal cartilage (NC) at similar intensity. Regeneration of hyaline-like articular cartilage was induced by injecting NIH 3T3-TGF-␤ 1 fibroblasts irradiated with 20 Gy. Regenerated cartilage areas marked by arrows are also shown in insets at higher original magnification (ϫ200).
